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CAUCHY-SCHWARZ FUNCTIONALS

Y. J. CHO, S. S. DRAGOMIR, S. S. Kim AND C. E. M. PEARCE

ABSTRACT. We treat a class of functionals which satisfy the Cauchy—Schwarz
inequality. This appears to be a natural unifying concept and subsumes inter
alia isotonic linear functionals and sublinear positive isotonic functionals.
Striking superadditivity and monotonicity properties are derived.

1. Introduction

One of the oldest classical inequalities is that associated with the names
Cauchy, Buniakowski and Schwarz. This inequality, which for brevity we
term the Cauchy—Schwarz inequality, states in its discrete form that if a;, b; €
R (i=1,2,...,n), then

n n n

=1 i=1 =1

Equality holds if and only if a; = rb; for all : = 1,2,...,n and r € R.

Various proofs of this inequality, as well as results connected with it, are
given in the book of Mitrinovi¢, Pecari¢ and Fink [10, Chapter 4] along with
further references. Despite its antiquity, this result admits numerous recent
developments in general settings (see, for example [1-9]).
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In integral form, the Cauchy—Schwarz inequality reads

/ ' (a)d / P (a)da > ( / b f(:v)g(x)dw>2,

where f, g : [a,b] — R are Riemann—integrable functions.

Let E be a nonempty set and L a class of real-valued functions on F
possessing the properties

(L1) f,g€ L= af +bg €L for all a,b € R;
(L) 1 € L, that is, if f(t) =1 for all t € E, then f € L.

A functional A : L — R is termed a positive linear functional if the conditions
(A1) A(af + bg) = aA(f) +bA(g) for f,g € L and a,b € R;
(A2) f € L and f(t) > 0 on E imply A(f) >0

are satisfied.
If w> 0 and wf?,wg?, wfg € L, then the Cauchy-Schwarz inequality

A(w f*)A(wg®) > |Awfg)l”
holds for each positive linear functional A on L.

We are now ready for an overview of the paper.

In Section 2 we introduce a natural class K of real-valued functions on a
nonempty set £ and define the Cauchy—Schwarz class C'S(K, R) of function-
als on K, also in a natural way. It is known that isotonic linear functionals
on K belong to C'S(K, R). We show that sublinear positive functionals do
also, as well as a further class of sublinear functionals that we term solid.
We conclude Section 2 by proving that C'S(K, R) is a convex cone in the
linear space of real-valued mappings on K.

In Sections 3 and 4 we establish striking superadditivity and monotonicity
properties of functionals related intrinsically to the class C'S(K, R). Section
5 provides a strengthening of the results of Section 4 in a particular case. In
Section 6 we conclude by remarking on a few basic examples.
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2. Cauchy—Schwarz functionals

Suppose E is a nonempty set and K = K(F) a class of real-valued func-
tions on E with the properties

(K1) flge K = f+geK;

(Ky) feK,a>0 = af € K;

(K3) f,ge K = fgeK;

(Ky) feK = |f| e K.

Definition 2.1. We say that a real-valued functional A : K — R is of
Cauchy—Schwarz type on K (written A € CS(K, R)) if

A(F)A(G?) = [A(f@)]? forall f,g€ K.

Definition 2.2. An isotonic linear functional A : K — R is a mapping
satisfying

(I1) A(af + Bg) = aA(f) + BA(g) for all f,g € K and o, € R;
(I3) f€ Kand f >0 (that is, f(t) >0 forallt € E) = A(f) > 0.
It is well-known that such an A satisfies A € CS(K, R) (see [15, p. 135]).

Definition 2.3. A functional A : K — R is sublinear and positive isotonic

(S1) A(f+9) <A(f)+A(g) for all f,g € K
(S2) A(af) = aA(f) for all @« > 0 and f € K;
(93) If 0 < f < g, then A(f) < A(g);

(S1) |A(f)| < A(|f]) for all f € K.

We now give our first result.

Theorem 2.4. FEvery sublinear and positive isotonic functional on K

belongs to the class CS(K, R).
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Proof. Suppose A is sublinear and positive isotonic. For every t, z € E and
f,g € K(F), we have by the Cauchy—Schwarz inequality for real numbers

that
2097 (2) + f2(2)g%(t) = 2| f (1) g®)]|f(2)9(2)],
so that
FA0g* + g2 () f2 =21 f(t)g@)]| fgl (2.1)

for all t € . Applying the functional A to this inequality yields

FAOA(G?) + g*(A(S?) = AL (Dg” +9° (O %] by (S1)
= ARIf@)g®)] [f9]] by (2.1) and (Ss)
=2[fM)g®)|A(fg]) by (52)

for all t € E. Hence

A(g) f* + A(f?)g* = 2A( f4l) | f4l.

Applying the functional A again provides

2A(f*)A(g%) > A[A(*) 2 + A(f2)g?] by (S1)
> A[RA(Ifgl) Ifgl] by (2.2) and (S3)
= 2[A(Ifgl)]* by (S2).

Thus by (S4) we have proved in particular that
A(f?)A(g*) = [A(l fa))])?
as required.

Definition 2.5 A functional A : K — R, is said to be sublinear and
solid if

(01) A(f +g) < A(f) + Alg) for all f, g € K;
(02) A(af) = aA(f) for all @ > 0 and f € K
(0s) [f] < gl = A(f) < A(g).
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The following theorem also holds.

Theorem 2.6. FEvery sublinear and solid functional on K belongs to the
class CS(K, R).

Proof. Conditions (O7) and (O3) are the same as (S7), (S2), while (O3)
matches (S3) for f,g > 0. As (Sy4) is used only in the last step in the proof
of the previous theorem, we have by the argument in that proof that

A(FHA(g%) = [A(fa)))*. (2.3)

Now | |f| | = |f|, so by (Os) we have both A(|f|) < A(f) and A(f) <
A(]f]) and thus A(|f|) = A(f) for all f € K. Hence

A(f)A(g%) = [A(fg)]*.
by (2.3).

Remark 2.7. From the proofs, we have that sublinear and positive
isotonic functionals and sublinear and solid functionals both in fact satisfy
(2.3).

We now address the structure of CS(K, R).

Theorem 2.8. The set CS(K, R) is a convex cone in the linear space of
all real-valued mappings on K, that is,

(Ch) A,Be CS(K,R) = A+ Be CS(K,R);
(Cy) Ae CS(K,R) and « >0 = «aA e CS(K,R).

Proof. Suppose A, B € CS(K, R). Then
[AGF)] P AG)Y? > |A(fg)l and  [B(f*)]'*[B(g°)]'? > | B(f9)l
for all f,g € K, which give on addition that

[AUIPAG™)]Y2 + [BUP B = |A(f9)l +1B(f9)l
> [(A+ B)(f9)l
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for all f,g € K. On the other hand, from the elementary inequality
(a® + 032 (c* + d*)V? > ac+ bd
for a,b,c,d > 0,

(A2 [A(G™)]Y2 + (B2 [B(g))?
< {A(f?) + B(f)}/*{A(g") + B(g*)}'/?
= [(A+B)(/))]*[(A+ B)(g*)]'/2,

so that
[(A+ B)(f)(A+ B)(¢*)] > [(A+ B)(f9)I?

for all f,g € K, that is, A+ B € CS(K, R).
The second condition is clear.

3. Superadditivity and monotonicity of u
Consider the functional p: CS(K, R) x K* — R given by

WA, £,9) = [A]P[AG)]Y? ~ |A(f9)l.

We can verify immediately the following properties for all A € CS(K, R)
and f,g € K.

(1) n(A, f,9) = 0;
(i1) w(A, f,9) = n(A, g, f);
(i) p(aA, f,9) = ap(A, f,g) for all a > 0.

Further, we have the following result for the mapping u(-, f, g).
Theorem 3.1.

(i) p is superadditive;
(ii) p is monotone nondecreasing.
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Proof. (i) We have for A, B € CS(K, R) that

w(A+ B, f,9)
= [A(f*)] + B(f)]*[A(¢%) + B(g*)]'/* = |A(f9) + B(f9)]
> [A(SPIAG)Y? + BV [B(g*)? = |A(f9)| — | B(f9)]
= (A, f.g) +u(B, f,9)
(ii) Suppose A, B € CS(K, R) with A > B, that is, A — B € CS(K, R).
Then

(A, f,9) =pw((A—=DB)+ B, f,g9) >puA-B,f,g9)+nbB,fg).

Since p is nonnegative, we have

(A, f,9) > u(B, f,9),

completing the proof.

Now, suppose that A(F) is a nonempty family of subsets of E satisfying
(Py) I,Je A(E) = ITUJ e A(E);
(Py) I,Je A(E) = I\JecAE).

We represent by x; : E — {0,1} the characteristic mapping of I, that is,

1 iftel

X’(t):{o itie B\ L

Definition 3.2. A class of functions K defined on E is a hereditary class
related to the family A(FE) if
(H) f € K implies that x; - f € K for all I € A(F).

For such a class K, we introduce the mapping 1 : A(E)xCS(K, R)x K? —
R, defined by

n(1, A, f.g) = [Ax VP Aag®)V? = |A(xa f9)l-

Remark 3.3. For every fixed I € A(FE), the mapping n(I,-, f,g) is
superadditive and monotone nondecreasing on C'S(K, R). This follows by
an argument similar to that in the proof of the preceding theorem.
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We now consider the properties of 7 as a function defined on A(E).

Theorem 3.4. Let K be a hereditary class of functions related to the
family A(E). If A is an isotonic linear functional on K and f,g € K, then
the following hold:

(i) n(-, A, f,q) is superadditive on A(FE);

(ii) n(-, A, f, g) is monotone nondecreasing on A(E).

Proof. (i) Suppose I,J € A(E) with INJ = 0. Then
n(IUJ, A, f,9) = [A(xf?) + Al VP 1AKag?) + Alag))?
—[A(x1f9) + Alxsf9)l
> [ACa )P ACag™)] Y + (Al )P A g
— A1 f9)l = |A(xa f9)l
=n(l, A, f,9)+n(J, A, fg)
(ii) Suppose I, J € A(F) with J C I. Then by part (i)
(LA, f,9) =n((I\J)UJ A, f,9) 20T\ J A, f.g9) +n(J, A f,9).
Since 7 is nonnegative, it follows that
n(l, A, f.g9) 2n(J, A, f.9),
and we are done.
Corollary 3.5. If ¢(-) is monotone nondecreasing and superadditive,

then ¢(u) inherits the properties of 1 in Theorem 3.1 and ¢(n) those of 7 in
Remark 3.3 and Theorem 3.4.

4. Superadditivity and monotonicity of ~

Suppose that K is a hereditary class related to A(FE) and consider the
mapping v : A(E) x CS(K, R) x K? — R given by
V(I A, £,9) = (Alxr ) A(xg®) — [Alxa fa)))'2.
It is evident that for all A € CS(K,R), I € A(F) and f,g € K, we have
(i) v(L, A, f, 9) > 0;

(111) 7(171{:7 fag) = k7(17A7f7g) for all k > 0.
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An important property of this functional is given by the following theo-
rem.

Theorem 4.1. The mapping v(I,-, f,g) is superadditive on CS(K, R).
Proof. Suppose A, B € CS(K, R). We have

V(I,A+ B, f,9) = [Ax1 )] + Bixt f)I[A(x19°) + B(x19°)]
— ([Alx1f9))? + 2A(x1f9)B(x1f9) + [B(x1f9)]%)
=1, A, f,9) +v*(I, B, f,9) + A(x1f*) B(x19°)
+ B(x1 ) A(xrg®) — 2A(x1f9)B(x1f9)- (4.1)

We now prove that

Alx1f?)B(x19%) + B(x1 /) A(x19°) — 2A(x1f9)B(x1f9)
>2v(I, A, f,9)v,B, f,g). (4.2)

Set
a=[ArfIH]Y2 b=[A0ugH)]Y?, == Alxifg),

c=[BOa /)Y, d=[B(ag))"? y=Bifg)

By the definition and nonnegativity of v, we have
ab—x >0 and dc>y. (4.3)
We have to prove that
a2d? + 12 — 2wy > 2(a%0? — 22) V(22 — )2,
By (4.3), both sides are nonnegative, so our task is to establish
(a®d® + b*c? — 2xy)? > 4(a®b? — 2?)(d*? — o?).
By a simple calculation,

(abed — xy)? > (a®b* — 22)(d*c* — y?)
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so it suffices to show that
(a®d* + b*c? — 2xy)? > 4(abed — xy)?
or, since again both expressions in parentheses are nonnegative, that
a’d® + b?c® — 2xy > 2(abed — xy),

which is immediate.
We have from (4.1) and (4.2) that

Y(I,A+ B, f.g9) 2L, A, f.9) +v*(I,B, f,9) + 2v(I, A, f,9)v(I, B, f,g)

= (V(I, A, f,9) +~(1, B, f,9))*, (4.4)
and so by the nonnegativity of ~

YI,A+ B, f,9) 2, A,g,f)+~(, B, f.9),
as required.

Remark 4.2. The class K is trivially a hereditary class related to A(E) =
{E,0}. Thus the map vo(A, f,q) := v(E, A, f,g), which is given by

(A, £.9) = (A AG®) = [A(f9)ID)2,
is superadditive on C'S(K, R).
Theorem 4.3. Let A be an isotonic linear functional on K. Then the
mapping (-, A, f, g) is superadditive as an index—set mapping on A(E).
Proof. Suppose I,J € A(E) with I NJ = (. Then
VI UTA f.9) = (At f?) + Alxs f))(Axrg®) + Alxag?))
— (Alx1f9) + Alxs f9))*
= 72<IJ A7 f7 g) + 72(‘]7 A7 f?g) + A(XIfQ)A<XJ92)
+ Alxs f2)Ax19%) — 2A(xr f9) Alxs f9)-
Arguing as in the previous theorem, we have
A f)AN9?) + Alxa f2)Axag?) — 2A(xr f9) Alx fo)

>29(L A, f,9)v(J, A, f,9), (4.5)
so that

YL UL A f.9) 2y A f,9) +7(J, A, f.9)
and the proof is complete.
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Corollary 4.4. If ¢(-) is monotone nondecreasing and superadditive,
then ¢() inherits the properties of v in Theorems 4.1 and 4.3.

Remark 4.5. We have from Corollary 4.4 or (4.4) that

B, A, f,9) :=~*(I. A, f,9)

is superadditive on C'S(K, R). However stronger results exist, as we shall
see in the next section.

5. Strong superadditivity and monotonicity of

In this section, we study the nonnegative functional  introduced in the
preceding section, and given by

B, A, f.9) == Alx1f*)Alx19®) — [Alx1 f9)].

Theorem 5.1. The following hold:
(i) B(, f,g) is strongly superadditive on CS(K,R), that is, if A,B €
CS(K,R), then

B(IaA—i—B?fvg)_ﬂ(I’Aafag) _/6(17B7f7g)

o | GG [AGag 2 Y L,
= (dt [B(x1f?)]"/? [B(x[gz)]1/2) =0

(ii) B(-, f,q) is strongly monotone nondecreasing on CS(K,R), that is, if
A> B,

B, A, f,9)— B, B, f,g)
> (det [A(xrf?) = BOaf))Y? [Alxag?) — B(xrg®))/?

[B(xrf)]'? [B(xrg*)]"/?

2
) =0
Proof. (i) Suppose A, B € C(S, K). We have from (4.1) that

B(I,A+ B, f,g)=pB(IA,f g)+ BB, fg) +Axrf)B(x1g®)
+ B(x1f*)A(x19”) — 2A(x1f9)B(x1f9)-

(5.1)
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Since A, B € CS(K, R),

[A(xrf9)l < [ACafHACag®)]Y?,  [B(xif9)l < [B(xrf*)B(xig®)]'/?
and thus
A(xrf9)B(xif9) < |Ax1f9)B(x1fg)
< [AOa ) B(xrg®)) Y[ Alxrg®) B(xi £2)]Y2.

The desired result is immediate from this result and (5.1).
(ii) If A > B, we have

ﬁ(laAafag) _ﬁ(IaA_vimg)_ﬁ(IaBaf?g)

. (det (A f?) = BOu )V [AGug®) = Blxig™)]'?
- [B(x1f?)]"/? [B(x19°)]"/?
and we are done.

2
)

Theorem 5.2. Suppose A is an isotonic linear functional on K. We
have the following.
(i) B(-, A, f,q) is strongly superadditive on A(E), that is, if INJ = (),

then
/B(IU J7A7fag) _6(I7A7f7g) - B(‘LAafvg)
ACa IV [AGag?)? )
> (der| (a0 e (aegiyie]) 20
(ii) B(-, A, f,q) is strongly monotone nondecreasing on A(FE), that is, if
1,Je

A(E) and J C I, then
B(I, A, f.g9) —B(J A f.g)
(d . ‘ [A( XIfQ) Al 212 [Alxig?) — Alxasg®)V?
[A(xs /)2 [A(xs9%)]H?
Proof. (i) Let I,J € A(F) with INJ = (). Then
BIUJ A, f,9) = (Alxrf?) + A ) (Axrg®) + Alxsg”))
— (Alx1f9) + Alxaf9))°
= B(I, A, f,9)+ B(L A, f,9) + Alxi f3) Alxag?)
+ Alxs ) Alx1g?) = 2A(x1f9) A(x fg)-

)2.
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As in Theorem 5.1, we deduce the inequality of part (i), which implies in
turn that of part (ii).

6. Applications

In this short section we note some immediate applications. First we define
the classes of sequences

J={a=(an)nen :a, € Rforalln € N},

P ={I C N : I is finite},
Jr ={p = Pn)nen : pn > 0 for all n € N}.

Consider the functional 4 : P x J, x J? — R given by

> piaibi| .

iel

1/2
:u([ b,a, b lzpz 22]%1)2] -

el el

We have
N(pr a, b) = H’(AI,p, a, b>7
where Ay ,(x) = > piz; is an isotonic linear functional which belongs to
il
CS(J, R). Theorems 3.1 and 3.4 apply to u.
Similarly Theorems 4.1 and 4.3 apply to the mapping v : Px J; xJ? — R
given by

97 1/2

) = | St Yot - (St
icl il i€l
and Theorems 5.1 and 5.2 to the mapping 3 : P x J, x J?> — R given by

2
I y Dy @y b sz QZszQ (Zpiaibi> )

el el i€l
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Similar applications hold for Riemann—integrable functions. Let [a, b] be
a real interval and denote by R|a, b] the algebra of Riemann—integrable func-
tions on [a,b] and by R4[a,b] the class of nonnegative functions belonging
to Rla,b]. Define the functional p : Ry [a,b] x R%[a,b] — R by

b b

pasbih, f,9) = U h(ﬂf)fz(x)dx)/a h(x)g2(x)d4 2

b
/ h(z)f(x)g(x)da|.

Then
:U’(a’v b; h7 fa g) = /J/(A[a,b],h7 f?g)a

where A 41 (f) = f; h(x)f(x)dx, is an isotonic linear functional which
belongs to C'S(R|a,b], R). Clearly Theorems 3.1 and 3.4 apply to u.

Similarly Theorems 4.1 and 4.3 apply to the mapping v : Ri[a,b] X
Rla,b] — R given by

Aa,bih frg) = { /

-(/ b h(m)f(x)g(x)dx)z]

and Theorems 5.1 and 5.2 to the mapping 3 : Ry [a,b] x R?[a,b] — R given
by

W) f2(x)dx) / h(2)g? (2)de)

1/2

Bla,bih, f.g) = / W) () da / h(2)g? (x)da

-(/ b h(:v)f(:v)g(w)dx)g-
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